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In the present paper, we report the angle integrated coherent scattering cross sections
of some elements at low momentum transfer over four angular ranges for some
elements in the atomic number range 13  Z  82 for 241Am (59.54 keV) gamma rays. The
coherent scattering cross sections were derived from the experimentally measured total
(Coherent þ incoherent) scattering cross sections for the elements at the energy of interest
by subtracting separately the small contribution of the corresponding angle integrated
incoherent scattering cross sections. The theoretical angle integrated incoherent scattering
cross sections were computed by numerically integrating the values provided in the com-
pilations based on the non-relativistic Hartree-Fock (NRHF) model and the modified form
factor (MFF) model for the charge distribution within the atom. The present values of the
angle integrated coherent scattering cross sections of the elements Al, Fe, Cu, Zn, Cd, Sn and
Pb at 59.54 keV in the angular ranges of ð0+  4+Þ, ð0+  6+Þ, ð0+  8+Þ and (0e10) so obtained
are compared with the corresponding theoretical S-matrix data within the range of experi-
mental errors. The root mean square error on the measured cross sections was found to be
the lowest for Al at 4.1% and the highest for Pb at 4.9%. For the other elements the error was
in between these two values. Possible conclusions are drawn based on the present study.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Among the various types of interactions of gamma rays
with matter, Coherent scattering is a dominant mode of
interaction in the energy region from a few keV upto about
1 MeV. Coherent scattering data will be useful in calculating
radiation attenuation, transport and energy deposition
in medical physics, power reactor shielding, industrial.ac.in (T.K. Umesh).
gyptian Society of Radiat
iety of Radiation Sciences
icense (http://creativecomradiation processing, analysis of nuclear physics experi-
ments and in a variety of other applications as well (Hubbell
et al., 1975; Hubbell & €Overb€o, 1979).
A survey of literature on the scattering of photons by ele-
ments reveals the fact that there have been a large number of
reports both on the theoretical as well as experimental in-
vestigations on the process. On the theoretical side, several
models have been used to calculate the elemental crossion Sciences and Applications.
andApplications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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relativistic energies, the form factor approach which treats
the electrons as a charge distribution is employed. Based on
this, Hubbell et al. (1975), Hubbell and €Overb€o (1979) as well as
Kahane (1998) have reported extensive data. These data have
been computed using the form factor formalism along with
the self-consistent field Hartree-Fock model for the charge
distribution within the atom. During this computation Hub-
bell et al., have used the non-relativistic approach (NRHF),
Hubbell and €Overb€o adopted the relativistic approach (RHF),
while Kahane et al., have adopted the modified form factor
approach (MFF). Hubbell et al., have suggested that the NRHF
values would have to be replaced by MFF values for a realistic
comparison with the experimental values. More recently,
Chatterjee and Roy (1998) have reported calculations of dif-
ferential coherent scattering cross sections based on the S-
matrix approach for elements in the atomic number range
13  Z  104 for 14 photon energies in the range 50keV-
1500keV for 55 different scattering angles in the range
0+  q  180+. Pratt et al. (2010) have suggested that the S-
matrix data claiming high accuracy need to be tested against
reasonably accurate experimental work particularly at low
momentum transfer (small scattering angles) at a given
energy.
However, on the experimental side, although a number of
methods (B€oke, 2011; Baek, Bug, Rabus, Gargioni &
Grosswendt, 2012, 2014; Bradley, Goncalves & Kane, 1999;
Donativi, Quarta, Cesareo & Castellano, 2007; Kane, 2005;
Latha, Abdullah, Unnikrishnan, Varier & Babu, 2012; Poletti,
Goncalves & Mazzaro, 2002; Rao, 1991; Shahi et al., 1997;
Sharma, Singh, Singh & Sandhu, 2009; Simsek & Ertugrul,
2004; Singh, Sharma, Singh & Sandhu, 2012) have been
used to determine the Coherent scattering cross sections, the
experimental investigations are relatively scarce particularly
for elements at low momentum transfer, for scattering an-
gles below 10. This may be attributed to the fact that, since
the scattering of gamma rays in this region involves low
momentum transfer to the struck electron, it is difficult to
separate out the coherent scattering from the main peak
particularly due to the severe limitations imposed by the
finite resolution of the detector (This is the case even with
high resolution detectors such as HPGe detector). For this
purpose, a new experimental technique which could over-
come this difficulty while measuring the scattering cross
sections at small scattering angles was reported recently by
the authors (Vinaykumar & Umesh, 2014). This method is
simple and involves only the measurement of the scattered
intensity superposed as a small addition to the direct
transmitted beam by making use of a NaI(Tl) detector. In the
present work, we have employed thismethod tomeasure the
total (coherent þ incoherent) scattering cross sections of the
elements Al, Fe, Cu, Zn, Cd, Sn and Pb at 59.54 keV in the
angular ranges of ð0+  4+Þ, ð0+  6+Þ, ð0+  8+Þ and ð0+  10+Þ.
From the measured values, the corresponding angle inte-
grated incoherent scattering cross sections based on NRHF as
well as MFF compilations have been separately subtracted to
derive the angle integrated coherent scattering cross sec-
tions of these elements. The present values of coherent
scattering cross sections are compared with the corre-
sponding S-matrix values and discussed.2. Principle of the method
In the present study, the experimental setup used in the total
attenuation cross-section measurements is slightly modified
in order to measure, for a given scatterer, the transmitted
intensity by eliminating as far as possible all the transmitted
photons and the photons scattered within a cone of half-
angle q, by suitably positioning the scatterer and the
collimators.
If I1 represents the scattered photon intensity, then from
the well-known attenuation relation we have
mt ¼ ln

I0
I1

(1)
Where I0 is the incident photon intensity, m is the linear
attenuation co-efficient and t is the mass per unit area of the
scatterer. On the other hand, for the same scatterer, if I2 rep-
resents the sum of transmitted intensity and the intensity
scatteredwithin a forward cone of half-angle q, then the linear
attenuation co-efficient mwill be decreased by a small amount
Dm such that
ðm DmÞt ¼ ln

I0
I2

(2)
Here Dm represents the contribution due to scattering
within a forward cone of half-angle q. From the above re-
lations one can deduce an expression for Dm as
Dm ¼
ln

I2
I1

t
(3)
in cm1. Expressing Dm in barn/atom and writing it as Dssca we
get,
Dssca ¼

A
0:60225
 ln

I2
I1

rt
barn=atom (4)
Where A is the atomic weight, N ¼ 0.60225  1024 atoms/
g atom is the Avogadro number and rt is the mass per unit
area of the scatterer. Dssca consists of both coherent and
incoherent scattering cross section from 0+ to q+ as they are
not separable at forward angles, i.e.,
ðDsscaÞ ¼
Zq
0
dscoh þ
Zq
0
dsincoh (5)
Eq. (4) is used to extract the total (coherent þ incoherent)
scattering cross sections by measuring I1 and I2. Further, the
coherent scattering cross sections within the angular range
ð0+  q+Þ, may be obtained by subtracting the corresponding
relatively small contribution of the corresponding incoherent
scattering cross section from the measured total scattering
cross section.3. Experimental details
In the present study, the measurements were made at an
incident gamma ray energy of 59.54 keV. For this purpose, the
241Am source of strength 7.4 GBq (200 mCi) which emits
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the Department of Physics, Mangalore University.
The experimental set up used in the present study is as
shown in Fig. 1. The radioactive source (S) in the form of a
steel-welded capsule was placed at the centre of a lead colli-
mator C which had a collimating hole of diameter slightly
larger than the diameter of the source. The photon beam
which emerged from the collimator C was further shaped to a
very fine beamusing lead collimators C1, C2 and C3 having very
narrow collimator holes (C2 and C3 had diameter less than
4 mm through the hole).
In the total attenuation cross section measurements
usually extreme care is taken to prevent the scattered pho-
tons from reaching the detector by selecting a very small
angle of acceptance (less than a fewminutes), whereas in the
present study, the photons scattered within the small
angular range ð0+  q+Þwere allowed to reach the detector by
increasing the angle of acceptance of the detector by varying
the distance d between the target in P2 position and the de-
tector (Fig. 1). The spectrum therefore contained both the
transmitted photons and the photons scattered within the
angle of acceptance of the detector. In order to obtain the
contribution of the scattered photons, the usual attenuation
coefficient measurement set up was slightly modified and
the cross sections were determined from the intensities I1
and I2 measured at the two scatterer positions P1 and P2
(Fig. 1) by using Eq. (4).
99% pure elemental foils of uniform thickness of some el-
ements were used as scatterers. The foils were so chosen that
mt < 0.4 in order tominimizemultiple scattering. Here, m=r and
rt were the mass attenuation coefficient and mass per unit
area respectively. Thus the maximum thickness (mass per
unit area) of the foils used ranged from 3.6 g/cm2 [13 mm] for
aluminium down to 0.2 g/cm2 [0.18 mm] for lead. For all other
elements it was in between these two values. The detection
system employed consisted of a scintillation head, high
voltage unit, low voltage supply, linear amplifier and a
multichannel analyzer. The scintillation head of the type SH
644, supplied by Electronics Corporation of India Limited
(ECIL), Hyderabad, India which is built into a complete unit
comprising of a scintillator, Photomultiplier and Pre-amplifier
was used. The scintillator used was a flat (200  200) Thallium
activated sodium iodide [NaI(Tl)] crystal. The detector was
placed at a distance of 60 cm from C3. The collimator C4 was
kept in front of the detector. Its diameter was slightly greater
than the diameter of the NaI(Tl) crystal. It was cut symmet-
rically around its collimating hole of diameter 4.18 cm, so thatFig. 1 e The experimental set-up (not to scale). S is the
source, D is the NaI(Tl) detector, C, C1, C2, C3 and C4 are
lead collimators, E is the lead shielding around the
detectors, P1 and P2 are the scatterer positions.the crystal could be fitted into the step groove correctly with
its center coinciding with the centroid of the crystal. The
alignment of the experimental setup was done optically using
a good laser beam. The resolution of the detection systemwas
about 8% for the gamma rays of interest. The detector signal
was suitably amplified by a linear amplifier and the spectrum
was analyzed in a personal computer based 8K multichannel
analyzer. The MCA was calibrated using various gamma
sources of energies ranging from 50 keV to 1330 keV before
and after the experiment to check the linearity and stability of
the instrument. The entire experiment was carried out in an
air-conditioned room wherein the mains voltage was
stabilized.
The angle of scattering qwas taken as the half-angle of the
cone of acceptance of the detector at the scatterer. The outer
front edge of the detector was shielded using the lead colli-
mator C4 in order to minimize the edge effect. The scattering
angle q was defined in terms of the distance d between the
scatterer and the detector by the relation
q ¼ tan1

2:09
dðcmÞ

(6)
The distance from the middle of the scatter to the front
surface NaI(Tl) crystal was taken for the purpose. The angle q
was varied by moving the scatterer between the collimator C3
and the detector.4. Measurements
The spectra were recorded by placing each of the scatterers at
P1 and at different P2 positions. The P2 position was chosen to
cover the angular range up to 10+. The distance from the
middle of the scatterer to the front surface of the NaI(Tl)
crystal was used for calculating the angle q. The time for each
spectrumwas so chosen as to get counts under the photo peak
of the order of 105 or more in order to minimize the statistical
error. The counts under the entire photo peakwere taken to be
the intensity. The spectrum obtained by placing a lead
absorber of sufficient thickness in the path of the gamma
beam between C2 and C3 which would completely absorb all
the gamma rays, was taken as background spectrum. Thiswas
checked by recording the spectrum after removing the source,
and it was found to be in good agreement with this within the
range of experimental errors. The experiment was repeated at
least 10 times for each position for all scatterers. The back-
ground subtracted intensities I1 and I2 were used to obtain the
total scattering cross section using the relation given in Eq. (4)
for the P2 position and also for the scatterers used.
The errors in the present measurements were mainly a
result of counting statistics. The error due to counting statistics
was kept below 0.3% by accumulating 105e106 counts within
the photo peak of the spectrum. The error associated in eval-
uating the area of the photo peak by a peak fitting routine was
less than 1%. The other possible sources of error are as follow:
4.1. Multiple scattering
It may be argued that the multiple scattering of photons oc-
curs whenever thick samples are used because such samples
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scatter and re-scatter inside the target material. Thus, multi-
ple scattering can result in energy degraded photons which
may contribute to the lower energy side of the photo peak thus
leading to an overestimation of the intensity. However, in the
present study the intensity under the photo peak was deter-
mined by a suitable peak fitting routine. Also a high resolution
detector as well as targets of optimum thickness was
employed. Hence, it was felt that the multiple scattering ef-
fects were negligible.
4.2. Sample impurity
The error due to sample impurity could be a significant factor
only when a large percentage of high-Z impurities is present
in the sample. All the elemental foils of interest were 99.9%
pure and the content of high-Z impurities was less than
0.005%. Hence sample impurity corrections were not applied
to the measured data.
4.3. Dead time of the counting instrument
The dead time of the multichannel analyzer was a combina-
tion of the rise time of the pulse, the conversion time in the
analog-to-digital converter and the data processing time. In
the multichannel analyzer used in the present study, there
was a built-in provision for dead time correction. The per-
centage dead time correction was always less than 2% in the
present study. Thus, the overall error was determined byTable 1 e Small angle scattering cross sections of elements at 5
4%e5%).
Element Distance d in cm Angle q in deg
Aluminium
Z ¼ 13
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Iron
Z ¼ 26
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Copper
Z ¼ 29
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Zinc
Z ¼ 30
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Cadmium
Z ¼ 48
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Tin
Z ¼ 50
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10
Lead
Z ¼ 82
29.88 0e4
19.88 0e6
14.87 0e8
11.85 0e10adding all the above errors in quadrature and finally the root
mean square error on the measured cross sections was found
to be the lowest for Al at 4.1% and the highest for Pb at 4.9%.
For the other elements the error was in between these two
values.5. Results and discussion
Thus, the small angle scattering cross sections DsscaðiÞ of
the elements Al, Fe, Cu, Zn, Cd, Sn and Pb at 59.54 keV
were measured over four different angular ranges ð0+  4+Þ,
ð0+  6+Þ, ð0+  8+Þ and ð0+  10+Þ by the present method.
Clearly, DsscaðiÞ was the sum of the corresponding coherent
and incoherent scattering cross sections. Hence, the angle
integrated coherent scattering cross sections were derived
from DsscaðiÞ by separately subtracting a small contribution of
the corresponding angle integrated incoherent scattering
cross sections of elements based on NRHF (sincNRHF) as well as
MFF (sincMFF) data respectively. For this purpose, the incoherent
scattering cross sections were obtained from the NRHF
values of Hubbell et al., (1975) and MFF values of Kahane
(1998) respectively. This was done for all elements over all
angular ranges of present interest.
Thus, two sets of angle integrated coherent scattering
cross sections, s1 and s2 of the elements were obtained during
the present investigation. These values have been listed in
Table 1 along with the corresponding S-matrix values, sS. The
procedure for the evaluation of s1, s2 and model based9.54 keV (mb/atom) (Experimental errors are to the extent of
DsscaðiÞ s1 s2 sS
14.7 14.4 14.7 14.4
28.1 27.2 28.0 26.6
41.7 39.7 41.6 39.8
54.5 50.8 54.2 52.8
66.9 66.5 66.9 66.7
128.2 126.9 128.1 127.4
192.7 189.6 192.6 191.2
252.4 246.5 252.2 251.7
85.9 85.6 85.9 85.0
164.6 163.4 164.5 163.8
253.9 251.1 253.8 247.8
330.0 324.6 329.8 328.2
92.0 91.7 92.0 91.4
177.7 176.5 177.6 176.5
269.9 266.9 269.8 267.5
356.8 351.0 356.6 355.0
235.3 234.8 235.3 232.8
457.9 456.2 457.9 451.1
709.6 705.4 709.5 688.9
930.7 922.6 930.5 926.0
259.2 258.7 259.2 253.3
504.2 502.3 504.2 491.7
756.2 751.8 756.1 751.5
1011.0 1002.7 1010.8 1010.8
696.5 695.9 696.5 683.5
1385.9 1383.7 1385.9 1362.0
2166.6 2161.0 2166.5 2134.9
3012.0 3001.2 3011.9 2940.2
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MFF and sS) was
similar to that detailed in an earlier work reported by the
authors (Vinaykumar & Umesh, 2014). The experimental er-
rors of 4%e5% were excepted to carry over to s1 and s2 also. It
could be observed from Table 1 that s1 and s2 generally agreed
with sS within the stated error bars. However for a more
realistic comparison, the percentage deviations D1 and D2
were estimated according to
D1 ¼

sS  s1
sS

100 (7)
D2 ¼

sS  s2
sS

100 (8)
This was done for all elements over the four angular ranges
of interest.
D1 and D2 were separately plotted as a function of the
atomic number of the elements. These plots were as shown in
the Figs. 2 and 3.Fig. 2 e Plot of Percentage deviation, D1 Vs Atomic
number, Z.
Fig. 3 e Plot of Percentage deviation, D2 Vs Atomic
number, Z.It was evident from Fig. 2 that excepting for aluminium in
the range ð0+  10+Þ in all other cases, the D1 values were less
than 2. Interestingly in a majority of the cases it was below
unity and close to zero. This implied a very good agreement
between s1 and sS values.
From Fig. 3 it could be observed that D2 values were al-
ways negative. From this, based on Eq. (8) it could be inferred
that s2 values were always lower than the corresponding
sS values. Also, s2 values generally agreed to within 3%
excepting in the case of aluminium at ð0+  6+Þ and ð0+  8+Þ
respectively.6. Conclusions
Based on the above, it could be concluded that the present
investigation betokens the fact that the present values of the
angle integrated coherent scattering cross sections of ele-
ments derived by subtracting the corresponding incoherent
scattering cross sections based on NRHF model, agree to a
better extent with the respective S-matrix values than those
derived by subtracting the corresponding incoherent scat-
tering cross sections based on MFF model from the measured
cross sections.
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